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High-quality T-shaped quantum wires are fabricated by cleaved-edge overgrowth with the molec-
ular beam epitaxy on the interface improved by a growth-interrupt high-temperature anneal. Char-
acterization by micro-photoluminescence (PL) and PL excitation (PLE) spectroscopy at 5 K reveals
high uniformity, a sharp spectral width, and a small Stokes shift of one-dimensional (1-D) excitons.
The PLE spectrum for 1-D states shows a large peak of ground-state excitons and a small absorption
band ascribed to 1-D continuum states with an onset at 11 meV above the exciton peak.
PACS numbers: 73.21.Hb, 78.67.Lt, 78.55.Cr
In semiconductor quantum wires, strong one-
dimensional (1-D) Coulomb interactions1,2,3 cause 1-D
excitons to have a large binding energy4,5,6,7 and strong
absorption intensity in the ground state8. Moreover, it
has been predicted that absorption intensity of contin-
uum states at the band edge should be reduced from elec-
tronic joint density of states, which is proportional to in-
verse square root of energy 1/
√
E in 1-D systems2,3. The
ratio of the absorption intensity of the continuum states
against electronic joint density of states is called the Som-
merfeld factor. Thus, the Sommerfeld factor should be
less than one in 1-D systems.
In 2-D and 3-D systems, on the other hand, the
Coulomb interaction makes the absorption intensity of
the continuum states at the band edges enhanced from
the joint density of states3,9. In other words, the Som-
merfeld factor is more than one in 2-D and 3-D systems.
Such a striking contrast has long been an issue of funda-
mental interest in low-dimensional structures.
However, a major problem of practical quantum wires
for experimental study of the above effect has been
the large energy broadening due to structural inhomo-
geneities such as interface roughness, which disturbs the
subtle detail inherent in 1-D systems. Over the past
ten years the cleaved-edge-overgrowth method of molec-
ular beam epitaxy (MBE) has been developed10 to fabri-
cate high-quality quantum wires (T-wires) formed at the
right angle T-shaped intersection of two quantum wells
(QWs)4,5,11,12,13,14,15, in which the atomic precision of
the quantum wire is determined entirely by the atomic
precision of the individual intersecting wells. More-
over we have recently-developed an annealing technique16
that has dramatically improved the (110) interface uni-
formity. A doped T-wire sample formed with this method
has shown an order of magnitude sharper photolumines-
cence (PL) linewidth compared to previous T-wires17.
In this work, we fabricate high-quality non-doped
T-wires in a T-wire laser structure, and demonstrate
striking improvement in uniformity, spectral width, and
Stokes shift by micro-PL, PL excitation (PLE), and scan-
ning micro-PL characterizations. The observed PLE
spectrum of the T-wires has shown an isolated strong
single peak and a small continuous absorption band with
an onset at 11 meV above the peak. Experiments indi-
cate that the peak and the continuous band are intrinsic
to quantum wires, so that they are interpreted as the 1-D
exciton ground state and 1-D continuum states, or 1-D
inonized electron-hole excited states with continuous en-
ergy spectrum. In fact, the observed PLE spectrum of
T-wires agrees qualitatively with theoretically predicted
features inherent to 1-D excitonic systems1,2,3.
Figure 1 shows a schematic of our T-wire sample, which
is embedded in a T-wire laser structure fabricated by
the following procedures. First, on a non-doped (001)
GaAs substrate we successively grew a 50 nm GaAs
buffer layer, a 1 µm cladding layer of 50 % digital alloy
(GaAs)4(AlAs)4, 1.16 µm thick multiple QW layer com-
posed of 20 periods of 14.15 nm Al0.073Ga0.927As QWs
(stem well) and 41.88 nm Al0.35Ga0.65As barriers, a 3
µm cladding layer of 50% digital alloy (GaAs)4(AlAs)4,
and a 10 nm GaAs cap layer. The substrate growth tem-
perature was 600 ◦C, and growth was interrupted for 15
seconds after each Al0.073Ga0.927As stem well and each
GaAs layer in the 50% digital alloy.
Then, in a separate MBE growth on an in-situ cleaved
(110) edge of this structure, we grew at 490 ◦C by the
cleaved-edge overgrowth method, a 6 nm GaAs QW (arm
well) layer, a 10 nm Al0.5Ga0.5As barrier layer, a 167nm
Al0.1Ga0.9As core layer, a 0.96 µm cladding layer of 50
% digital alloy (GaAs)6(AlAs)6, and a 10 nm GaAs cap
layer. Right after the growth of the GaAs arm well layer,
growth was interrupted for a 10 minute anneal at 600 ◦C.
This anneal is based on our recently-developed growth-
interruption annealing technique16.
Substrate rotation was performed by 10 revolutions per
minute during the MBE growths both in the (001) and
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FIG. 1: Schematic of a T-wire laser sample. Percentages
show Al-concentration x in AlxGa1−xAs. The laser con-
tains 20 periods of T-wires defined by 7%-Al filled 14.15nm
stem wells and 6nm arm well embedded in a T-shaped op-
tical waveguide with a 500µm cavity length. Micro-PL and
PLE are measured via a 0.5 numerical aperture objective lens
through the (110) cleaved-edge overgrowth surface.
FIG. 2: Scanning PL spectra measured in (a) 1µm steps for
30 µm and (b) 10µm steps for 500 µm along T-wires at 5K.
Spot size was about 0.8 µm in diameter. The measured 30
µm region of (a) is indicated by side arrows in (b).
the (110) directions. Our fabrication method is similar
to that in our previous work4,15 except for the anneal
step, that dramatically reduces interface roughness on
(110)-GaAs surfaces.
Twenty periods of highly uniform T-wires are thus
formed at the T-shaped intersections of 7%-Al-filled
14nm stem wells and a 6 nm arm well, and embedded in
the core of T-shaped optical waveguide. A laser bar with
500µm cavity length was cut from the wafer by cleav-
age, attached on a copper block with silver paint, and
cooled down to 5K on the cold finger of a helium-flow-
type cryostat. Lasing properties of the sample will be
reported elsewhere18.
Micro-PL and PLE measurements on the T-wires were
performed with a cw titanium-sapphire laser via the over-
growth (110) surface in the geometry of point excitation
into a 0.8 µm spot19 centered at the T-wire region with
a 0.5 numerical aperture objective lens. A 0.6m triple
spectrometer with a 600 grooves/mm grating and a back-
illumination-type liquid-nitrogen-cooled charge-coupled-
device camera were used to detect PL. Spectral resolution
was 0.3 meV.
Figure 2 (a) shows scanning micro-PL spectra by 1
µm steps over 30 µm along T-wires at 5 K. The exci-
tation light had intensity of 2 µW and photon energy
of 1.653 eV. Well-resolved sharp peaks are observed for
the T-wires (1.578 eV) and the stem well (1.630 eV).
PL of arm well is not observed, because carriers cre-
ated in the arm well quickly flow into T-wires. The
full-width-of-half-maximum (FWHM) of the T-wire peak
is 1.5 meV, far smaller than those reported in previous
work4,5,8,11,12,13,14,15, showing the high flatness of the in-
terfaces.
PL peak of stem wells and the main peak of T-wires
are very uniform over 30 µm. Intensities of small peaks
in the lower energy side of the main peak of T-wires vary
from place to place. Thus, these peaks are ascribed to
localized excitons in T-wires. The PL energy positions
of the localized excitons are discrete with separation of
2.4meV. This is consistent with thickness fluctuation of
arm well by integer monolayers. Atomic force microscope
study of arm well surfaces has shown the existence of
islands with specific shape and 1-3 monolayer heights16.
Small intensities of the localized exciton peaks indicate
that such islands are very rare.
Figure 2 (b) shows scanning micro-PL spectra by 10
µm steps over 500 µm along T-wires at 5 K, which is the
whole region of the T-wire laser cavity. The 30 µm region
shown in Fig. 2 (a) is represented by the central three
spectra indicated by the side arrows. The whole spectra
show that PL of T-wires is uniform over 500 µm.
Figure 3 (a) shows PL spectrum at 5 K for a spot at
the central region of Fig. 2 (a). Figure 3 (b) shows PLE
spectrum of the T-wire PL, which reveals the absorp-
tion spectrum of the T-wires. The excitonic absorption
peaks of T-wire (1.578 eV), arm well (1.599 eV), and stem
well (1.632 eV) are clearly observed. The two peaks at
1.599 eV and at 1.605 eV are due to the arm well in the
core region on 35% barrier and the adjacent arm well in
the cladding region on 50% barrier, respectively, which
is confirmed by a separate PL imaging experiment.
The Stokes shift of ground state excitons in T-wires,
that is the peak shift energy of PL and PLE peaks for T-
wires, is found to be 0.5meV, whereas the FWHM width
of T-wire PLE peak is 2.5meV. The Stokes shift is small
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FIG. 3: PL (a) and PLE (b) spectra of T-wires at 5K mea-
sured via point spectroscopy with a spot size of about 0.8 µm
diameter. The PL and PLE widths of T-wires are 1.5meV and
2.5meV, respectively, and the Stokes shift is 0.5meV. The in-
set is a blowup of the PLE spectrum around the continuous
absorption band starting at 1.589 eV. It is ascribed to the
excited levels of 1-D excitons, namely the second and higher
bound states of 1-D excitons and the 1-D continuum states in
T-wires.
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FIG. 4: Characteristics of absorption spectra of 1-D ex-
citons and 1-D continuum reproduced from calculated re-
sults by Ogawa and Takagahara2 for the Coulomb potential
V = −e2/(z+z0), where z, z0, aB , and Ry show electron-hole
distance, its cutoff length, 3-D Bohr radius, and 3-D Rydberg
energy for excitons, respectively. A dashed curve shows 1-D
density of states 1/
√
E. The strong 1-D Coulomb interaction
moves the oscillator strength out of the low energy edge of
the continuum states into the stabilized ground-state exciton.
compared with the width, so that the PL peak is well
overlapped with the PLE peak. This demonstrates that
the PL of T-wires has a free-exciton nature. This is the
first such demonstration for quantum wires.
Note that a continuous absorption band is observed in
the PLE spectrum with an onset at 1.589 eV, as magni-
fied in the inset of Fig. 3. It is 11 meV above the PL
peak of the ground-state free exciton in T-wires. Such an
absorption band was observed in all of several different
pieces of samples that we measured. In particular, a sin-
gle quantum wire sample with only one wire instead of 20
wires showed a continuous absorption band with a simi-
lar shape but with significantly smaller intensity than the
present 20 wire sample. The reproducibility and the cor-
relation of its intensity with wire numbers suggest that
the continuous absorption band is not caused by extrin-
sic low energy states in the arm well but originates from
intrinsic states in quantum wires.
In general, an exciton peak should accompany a con-
tinuous absorption band separated by an exciton binding
energy, because excitons not only have a bound ground
state but also have ionized continuous excited states of
an electron and a hole. Thus, a continuous absorption
band should be observed together with an exciton peak
in a PLE measurement with high resolution and sensitiv-
ity. Therefore, the observed continuous absorption band
in Fig. 3 is expected to correspond to ionized continuous
excited states of an electron and a hole in T-wires, namely
1-D continuum states. A similar measurement of the ex-
cited levels of 2-D excitons in quantum wells was reported
in 1981 by Miller and coworkers9, in which they resolved
the 1s-like ground-state exciton and the 2-D continuum
states with a line shape close to the step-function-like
2-D density of state. Our work is the first such observa-
tion of 1-D continuum states in quantum wires enabled
by improvement in spectral sharpness of the wires.
It is remarkable that the 1-D continuum states do not
appear to have a 1/
√
E-like singularity at the onset as
would be expected from a 1-D joint density of states.
Moreover, the peak intensity of the 1-D exciton ground
state is much stronger than the intensity of the onset
of the 1-D continuum states in quantum wires. In fact,
it has been theoretically predicted1,2,3 for 1-D excitonic
systems that the exciton ground state has strong absorp-
tion intensity in the ground state. Instead, absorption
intensity of continuum states at the band edge should be
reduced, and singularity in 1-D electronic joint density
of states proportional to 1/
√
E should be removed.
To discuss this predicted effect, we made, in Fig. 4,
combined plots of absorption spectra of 1-D excitons and
continuum states calculated by Ogawa and Takagahara
in 19912. Neglecting real confinement potential, they
solved an 1-D schro¨dinger equation for the Coulomb po-
tential −e2/(z + z0), where z and z0 are the electron-
hole distance and an artificial cutoff length. Two thick
vertical lines in the region of negative photon energy
represent positions and relative intensity for absorption
peaks of the ground and second exciton bound states
4for z0/aB = 0.2, where aB shows the 3-D exciton Bohr
radius. A thick curve in the region of positive photon
energy represents absorption profile due to 1-D contin-
uum states for z0/aB = 0.2. In comparison, 1-D density
of states proportional to 1/
√
E are shown by a dashed
curve, which reveals that the absorption intensity of the
1-D continuum states is suppressed at the band edge.
For smaller choice of z0, the ground-state-exciton peak
become stronger in intensity and lower in energy (not
shown), while 1-D continuum states become smaller as
shown by dotted curves for z0/aB=2.0, 1.0, 0.5, and
0.05. The second exciton peak is not sensitive to z0.
The physics suggested by this theory is that strong 1-D
Coulomb interactions move the oscillator strength out of
the low energy edge of the continuum states into the sta-
bilized ground-state exciton3. Thus, the 1/
√
E singular-
ity of the 1-D free-particle density of states is completely
suppressed in the line shape for 1-D continuum states,
and the shape becomes very similar to a step function.
Our result in Fig. 3 is the first experimental data in
semiconductor quantum wires to be compared with such
theoretical predictions1,2,3, where the 1-D ground state
exciton peak and a continuum absorption band are com-
pletely resolved.
For more quantitative discussion, we need to com-
pare our result with more practical calculations. Though
there are many theoretical papers6 on 1-D exciton bind-
ing energies in T-wires, calculation of absorption spec-
tra as well as binding energies to be compared with our
present experiment has been reported only by Szymanska
and coworkers7,15. The calculated spectrum7,15 shows a
strong peak of the 1-D exciton ground state, a weaker
peak of the second exciton state, and a series of continu-
ously populated small states. The continuous states have
onset at 11 meV above the ground states and have fairly
flat intensity, which are in good agreement with our ex-
perimental results. On the other hand, the peak of the
second exciton states appeared in the calculated spec-
trum at 6 meV above the ground state is not observed
in our experiment. It suggests that further work both in
measurements and theoretical calculations is necessary.
In summary, we achieved dramatic improvement in
uniformity, spectral width, and Stokes shift in T-shaped
quantum wires by growth interrupt anneal with cleaved
edge overgrowth in MBE. The observed PLE spectrum of
the T-wires shows the strong ground-state-exciton peak
and a small continuous absorption band with an on-
set at 11 meV above the peak, which is ascribed to 1-
D continuum states. The observed PLE spectrum of
T-wires agrees qualitatively with theoretically predicted
features inherent to 1-D excitonic systems meaning that
the 1/
√
E singularity of the 1-D free-particle density of
states is suppressed in the line shape for 1-D continuum
states as a result of the strong 1-D Coulomb interaction
effect.
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